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I. THYRODIXTION

The study of radiation effects in solids is a relatively new
ome, dating from tbe growth of muclear reactor technologv during amd
Just after the second World War. Althougb nuclear physicists have
studied the passage of higk epergy radiation through solids, it was
alvays from the point of view of the hombarding ray, the target beimg of
iaterest only for its s*oppivg power. The interest im the bombarded
solid wvag et firs: concernsed with reactor technology. A high emergy
charged particle passing through a solid loses almost all its kimetic
epergy by ionization, i.e. collisions with orbital electrons of the host
atom. Neutrons are stopped im & s0lid hy making miclear interactioms.
The charged high energy products of th:s interaction then lose their
energy primarily »y lonization, The occes’onsl alestic coulomb col-
lisions of th~ nu~lear rsactjon producte with lattice atoms, negligible
as far as compu'.ing the stopping powsr of the golid was ~oncerned, becams
important in the high neutron fluxes of reactors. Displacement of
lattice atoms Hv radistion ceueped gross physical changes in reactor
paterials. Soop the protlesm of radiation damage hecame of interest for

itself as & means of stidying the solid state.

A, Defect Production
When & lattice satom, !n colliision with incident radiationm,
receives energy grester than some minimm enpergy (E;) needed to remove
it from 1ts lattice site, 1t moves through the lattice with its residmal
kinet!c ensrgv. This krock-on atow will come to rest in general at aa

f-Lerstitial site; 1t becomes en interstitial defact, and leaves behind



& vacancy defect. The kmeck-en atom may lose its kimetic emsrgy Wy
creating further displacements of lattice atoms or by makimg collisiams
involving emergy transfers of less than Ey. The curg:l.u of these
latter collisions sre carrisd off as phoooms., It was the purpose of
this work in pert to study ‘rs= process of defect production by
bombardisg turgsten with 15 mev deuterons from the University of
Pittsburgh cyclotron farility of the Sarah Mellon Scaife Radiation
Iaboratory,

The ~ross sectlon (g) far dsfect production in & metal due te

irrediation can be taken as

vhere g; 18 1be croes sectior for creatioa of the primery knock-on atom,
and V is the numbher »f secondarv displacements madle per primary kaock-om
atom. The quantitv o3, for the case of irradiation by seversl mev
deuterons, is just the wnscreened coulomiy cross section for a transfer
of epergy o the knock-o1 atom betveen E; and the maximm energy trams-
fer (T,) of a head-on ~ollisionl. From eoergy and momentum conservatiom
it folicowr “ha-
.

Te = (M, :,x:z)z E , (2)

vhere M, and Mz are the masses of the incident and bombarded atoms

respectively, and F is the ~nergy of the incident particls. For coulesh

g, Seitz and J. 8. Koehler, "Displacement of Atoms durisg
Irrediation”, in Soiid State mzezc- (F. Seitz and D. Turnbull editors),
Academic Press, New York, 1956, Vol. 2, pp. 316-319.



collisiens, the differestial cress sectioa for emergy tramsfer frem
TteT + & 1o

i = % 5 ’ (3)
vhare
e~ img? (g )2l%0? . ()

Nere a, 18 the Bohr redivs, Z, and Z, are the atomic mmbers of the

incident and bombarded atoms respectively, and Ey is the Rydderg esergy.
Ve may nov write that

il g-i(k-x) o

The ninimm energy for a displacement (ld)hunctbnnnumttc
tungsten; a value of 25 ev will bDe assumed here based on & reugh average
of messured values otlatorlmrslcm3. For 15 mev dsuteroms

incident oa tungsten, T, = .64 mev, and the last term of equatiom 5 may
e meglected. Therefore

w ()i o

Ve see frem equation (€) that for a given bembarding particls amd
Sembarded element the cross sectiom for creatiom of a primary kacck-ea
sheould vary simply as 1/E.

21%14, p. 326,

35. J. Dienes and G. K. Vineyard, Radiatiom Effects im Solids,
Interscieace Publishers Inc., Nev York, 1937, Table 3.2, ». OL.
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A
Except for some umcertainty in the parameter E3, the expyressiea
of (6) cam Pe used to cospute g, vith same confideace, The thecretical
situatios for the yleld function v, the mmber of displacements wads fer
sach kmock-on atom, is not nearly so good. The average kmock-om atem
wmergy (T) is easily found from equations (3) amd (6):

R STs  Tm oo Ty
‘M%: ‘dectmlnE-'dlln . (1)

Using the vaiuss ws bave for T, and E;, ve get that ¥ 2 250 ev. At
this emergy stomic collisions are not unscreened coulomb repulsisms es
i» the case of the hiszh energy primary colluim". The usual agprexi-
mation used for these low energy collisions is some kind of hard sphere
interactiem potential., Several theories based oa hard sphere medels all

give sssentially the same result for v, namely’:

3 () (2 )

Neglecting E3 iz the first factor we get that

?-*(l-rtn%;) . : (‘)

Receat calculations indicate that the dependence of the yield fumctioa ea
imcidaat, partizie emergy is relatively imsemsitive to the imterectiss
Mems For the case of 15 mev deutercms incident cm tumgsten V = 5.0

b1p1a, p. 11.
S1paa, pp. 17-2b.
6%. Brown end G. H. Goldecks, J. Appl. Phys. 31, 938 (1960).



Cam* 1ning equations (8) and (2) ve get that

v=41+m¢EE), (9)
vhere
NN . S (10)
g Ba(My + Mp)

Combining equations (9, (6) and {1) we may now write the expressiom for

th& cross s~cifon for makiog e displacement:

o - E%;(%)(l-ﬁ»ln&ﬂ) . (11)

Tue valus of € four our problsm is .85 x 103 mev-l,

A tegt of the predicted epergy dependence for defect productiom
sxpressed (o squation [} was the first aim of this vork, but a direct
negd rement of tnis 088 section is not possible at this time, It is
0T poasLi e telguea “hers 8 no physical property of Lhe metal whose
depandenre on toe volume deasity of defects is known quantitatively.
However, we ma, mmagucs tpe change in electricei resistivity with bom-
barument and expect the resldial resistance of the metal to increase
»monotonically with defect density., Therefore, we can measure the change
in electrical resietance with incident flux for small flux increments,
a guant ity proportiooel to 0, at various values of ipc.dent deuteron
eperyy anl test +the energy dependence of eguation 11,

Sincs the logarithmic term of equation 11 varies slowly with
“r. ep* eperyy, the predicted elope of a radiation damage curve varies

‘4 1ncident energy elmnst as 1/E.
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Pearistein and coworkers found an almost linsar increase in the
damage rats of tungsten with incident energy for protons in the energy
remge 100-400 mev'. This was in sharp contrast to the expected 1/B
Gepsnience. These observers suggested that the unexpected increase in
damage rate 10 tungstes with incident energy was due to the importamce
&t thase higher zrergies of nuclear spallations. It vas therefore the
purposs of the first par> of this work to look for the expected pre-
domiven: 1/B depesdence at lower incident enargies whare muclear
reactions sr= less important. Fer incident energies of 15 mev and
lewer, deviations from the 1/E dependence could aiso give infarmatiom

avout the yleld funciion,

E. Radist:ox Effacts on the Mecharical Properties of Tupgsten

Ivo *he first pexr’ we are interested irn the mechanisa of defect
produstion in tungsten by 15 mev deuterons. Io the second part we are
isterested in the affects of these radiation induced deficts on the
mechavicel propertizs of tungsten.

I+ has been vell established tha* mechanical properties of
netals #ich ag vield strength are determined cot only by the lattice
stractyrs but also hy the density of dislocaticas and other lattice
dafects. T. A. Read suggested in 1940 that in certaip temperature amd
frequency ranges *‘hs internal friction in metals is due at least in part

10 ths irrveversiblie motior of dislocation lmeseo Since then much

. TE. A, Pearlstein, B, Iagham and R. Smolucbowski, Phys. Rev. 98,
STAOCAY 119555,

81 A pees, Poys. Bev. 58, 371 (19%0).



7
experimental evidence has supported the hypothesis of dislocatiom dampisg
in metals?. Other sources of inmtersal friction in metals are well
understood largely through the work of C. Zemerl®?, Por example, he
studied grain boundry viscosity at about 600°K amd .1 cps and thermo-
elasticity at about 600°K and 10% cps. Dislocation damping in metals is
camplicated by the fact that the dislocations contribute to the imtermal
friction by several mechanisms. The present understanding of the
situation will be denxcribed briefly as follows,

1. Strain Indepenient Damping

Strain independent damping is associated with the bowing motios
of the dislocation under a small applied stress. The dislocation is
pictured as fixed on the ends by the surface of the sample or by Jjogs im
the line, and pinned at places along its lsngth by impurity atoms and
point defects. (Cottrell has shown that these poimt imperfectioms temd
1o cluster around dislocationsi,) This damping s charscterized experi-
mentally by being strain amplitude independevt, with the damping
increasing slowly and monotonically with temperature from 4°K to room
telpernturelz.
2. Strain Dependent Damping

Strain dependent damping is associated with the bowing of the
dislocation under an applied stress large enough to free the dislocatiom

S%cr a reviev of this wark, see D, H. Niblett and J. Wilks,
Mv. in Phys. 9, 1 (1960).

10c. Zener, Elastici lasticity of Metals, University
of Chicage Press, Chicago,

11, K. Cottrell, af a Cnterom on the Streagth of
Solids, London: Phys. Soc., p.

123, L. Caswell; J. Appl. Puys. 29, 1210 (1958).
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from its pinning sites. This damping is charecterized experimentally by
being highly strain amplitude depepdent with a temperature dependsnce as ‘
in paragraph 1. The strain amplitude for the inception of this strain
dependent damping shifte slowly and monotonically to lower values with
increasing t;emperat—urelzn
3. The Bordon! Peak
P, G. Bordonil'3 measured iaternal friction >n several face
centered cubic metals ag a function of temperature from 4 to 300°K at
constant freguency. He found dietinct peskr in the internal frictionm
dependence on temperat sre, Ex*ensive work has been done on these
Bordoni peaks; they have been cbeerred in face centered cubic metals at
frequencies from 103 ro 1'36 ~ps and ‘emperatares from 4 to 300°K. There
is usually more than cre peak and *he ma'n peesk usually occurs around
100°K. These peak:s heve been studiei e: & “.nction of the cold work
state, the iwpurity content of the me<al, andl the appiied frequency.
Niblett and Wimag samar. e the properties of Bordonl peaks as follows:
{a) The Yordon: peak appee:< 'n both single ~ryste’l and
polyrrystaliine samples.
{b) The peak 15 gemerally not ctserved in fully annsaled
samples .
{¢) The height of ‘he peak ‘un~reeses rapidly with increasing
cold work,
'3} The height of the peek and the peak temperature is almost

indeperdent of strelin amplitude.

120p, cit, H. L. Casvell et al.
23p, G, Bordoni, 7. Avous. Sor. Amer., 26, 495 (1954),

95p. it., D. H. Nibieti et al,



{e} Impurities reduce tbe height of the peak.
(t ) The peak tempera*-ure increases with an inlreasge in
the sppiied freguenty.
tg,; FPor a given eppiied frequercy the pear tegperature 18
maffe-tel by the stete of ceid wark.
Hiblett and Wi lke” s1ggest the' the Eordoni peek shoild also exist in
bcdy cemtered ¢.ouir metair. Lo s Brune:l’* f¢and no obvious Bordemi
peak in co.d workel iroo of bhigh parily, bul Chambera and Schultzls
bave recer- ., ceporTed Forden: peaks in told worsed molybdenum and
tungsten ' freg svoies of Srom 33 ve BT kL
The gen ‘=L phenmmenclogye b, to== e 0 “lioued fricgion in
‘iOli\i‘i‘ﬂ‘ R S DTE L T L ST e TO R B A ;-‘-vg,li‘ig.x.tblulﬁid
responds nstastasec.yly woilloan #8stil atrain £, and the nom-elastic
strain €, 18kf *he app.ied stress. For sinwsaidal applled stresses the
pem-eiasty 8ura'n Tehoe: tlacously and lags the Itres: by 90*.
Therefore oze “@an w- . F The!
- e, . (12)
ox £ o= eli." w3 rang
where Lang = e:z,/sl
Bince e.a,/e'li 12 siveys < 1672 for metals , ome can take
tand = o R

“d € = EJ(!. <+ 1¢) = (13)

Q ) ;
‘op 1, D P ibletr et ai

by 3. euner, Phye Rev, let+ers, 3, 4il (195%).

152 H Cusakers end * Schnltz, Phys. Bev letters, 6, 273,
< 19615,

1022. tav., ©. Zener.



vbere ¢ = ez/el

The quantity ¢ for systems described by & secornd order linear differential
equation of motion is just 1/Q where Q is defined in the usual vayi6,
The appropriate elastic modulus Y is then

Tu /e ¥ o /e, - (14)

Thus there is a non-slastic part of the "elssti:" modulue associated
with the invernmal friction. This is callei the "modiivs defect”, and
can be used along with Internmsl friction to stuldy non-elastic properties
of solids,

The semp'.e geomet:y used in these experiverts was that of a
cantileverad var vhose vawve equatior 18 & L% smier 2ifferential
equation; the sointior »f this equation s gliver in Appenidix A,

Values of infernal Triction will b glwg ic this work in terms

of the logarthmi. d:rrement 6173 vaich is ~"sled %0 Q byls

6 = n/Q (35)

The amplituds independent frictiom dve to the doving of
dislocetion lines arises from the work dove in wovicg the dislocation

thromgh the Peieris potepntial. Pigure la showe the eituation for small

lsAn A, Nowilsk, Progress in Metal Physics, k4 1 (1953).

Limme logarithmi~ decrement 18 defined for an urderdamped system
zeaponding to & transient ss 4 & (A /An,1 ), where Ay is the maximm
emplitude of the n™** rycle,

J‘BSee Appendix A.



b5 §
spplied stresses vhexe the ntowing of the dislocetiou is limited by the
ploning points. When the applied stress gets large =anough, the situ-
ation shown in Figure ib ari lc obtains. Ihis ureabing eway from pineing
sites leads to the amplitude dependent friciion. 'he Lowing of a
dislecation iize in its slip plame {# shown iu Frgure ¢. Here the selid
lines repree=ur Peizrlis mirima, and the deshed iins3 represent Peierls
maximp . Consider s disiocstion AB lyice paraii-. v # Pelerls well as
in figure 2. 'Th:is disiocation ig hard to wuv:; it wousid take a stress
of the order ¢f *he y-eld strees 1¢ Low 3t Tt ez the dislocatiom
AB is made sp of Linear diglocegtions paralls: '7 1~ v erls wells and
¥izks perpendiciilar te the Pelerls weilr. The p= yls torces on the
kinks . argely rancel out and the kinke cabh .« mo -1 parailei to the
wells gulit:s eas) ij"lq, Thus a shear sirees ta *he plage of figure 2
wili ceuse the dis.nca”icn o bhow as shove
The wxistense o7 the Lordecoy peas bhes to2rn waxplsioed by Seegerzo
in terms of the mot:ion &f digiocations &3 a rezull . 'herual excitation.
¥e sugges's that <he .slocat:chs wil.o Torm ' Les ‘s to *he random
thermal morion of rthelr <orstiiuent atowe. ..o o o a-rvzal bulge 18
depicied for a8 Llaear disliocation in figire 5. ‘.n- Fnke in this line
sxe wtoally eviracted with a small forceld, a1 oo Sulge will in
gepnrsl ta unstable avd ~collaper. If 8 suress 5 (:ocscat 1L will either

aid this collapse, ov spreed the kinaks far enouwh zpart to maintain the

liwe 1o ou heowed configuration if the lewe*h of 7. . 1y 13 large
encvtt This s a4 diss palive process et conm b .« ileBE ot

194, 8. Cottreli, Dislocatioms i Piwstic Yl 12 Crystels,
T iareadom Press, mford, 1953.

20, Sesger, Phil. Mag., 1, 651 {1955
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I. THTRODIXTION

The study of radiation effects in solids is a relatively new
one, dating from tbe growth of muclear reactor technologv during amd
Just after the second World War, Although nuclsar physicists have
studied the passage of high energy radiation through solids, it was
always from the point of view of the bomberiing ray, the target being of
iuterest only for lts stoppiog power. The interest in the bombarded
solld vas st firs: concernsd with reactor technology. A bigh emsrgy
charged particle pessing throigh & solid loses almost all its kimetic
exergy by ioulzatior, i.e. cnllisions with orhital electrons of the host
atom. Neu:trons are stopped im 8 #0lid by making miclear interactioms.
The charged high energy products of thi!s interaction then lose their
energy primarily »y lonization., The occasional alastic coulomb col-
lisions of th» puclear r2action produrte with lattice atoms, negligible
as far as compuling tie stopping power of the solid was concermed, becams
important in the high neutrov fluxes of reactors. Displacement of
Jattice stams bv radialion ceused gross physical changes in reactor
materials. GSoop the protlam of radiation damage hecame of interest for

itseif as & means of stidying the solid state,

A, Defect Production
When & lattice atom, in collision with incident radiatiom,
receives energy greeter than some minimm energy (E;) needed to remove
it from 1ts lattice site, 1t moves through the lattice with its residml
kinetic energv. This knock-on atom will came to rest in general at am

faierstitial site; it becomes an interstitial defact, and leaves dehimd



& vacancy defect. The kmeck-en atom may lose its kimetic emergy by
creating further displacements of lattice atoms or by makimg collisiems
involviag emergy trexsfers of less tban Eg. Ths ouruu of these
latter collisions sre carried off as phoooms, It was the purpose of
this work 1n part to study *r= process of defect production by
bonbarding turgsten with 15 mev deuterons from the University of
Pittsturgh cyclotroa farility of the Sarah Mellon Scaife Radiation
Iaboratory,

The ~ross sect’on {g) far defect production in a metal due te

irradiation can be taken as
9= g5 ; (1)

vhere g; is the cross sectior for creatioa of the primary knock-on atom,
and 7 is the number »f secondarv displacements mads per primary kmock-om
atom. The quantitv gz, for tbs case of irradiation by several mev
deuterons, 18 just the wnscreened coulomd cross section for a transfer
of energy to the knock-oa etom dbetveen E; and the maximmm energy trams-
fer (Tp) of a head-on collisionl. From eoergy and momentum comservatiom
it followe <ha"

lo
Te ™ f‘:z)z E , (2)

wvhere lll and M2 are the masses of the incident and bombarded atoms

respectively, and R is the energy of the incident particls. PFor coulesh

1§, Seitz and J. 8. Koehler, "Displacement of Atoms durisg
Irradiation”, in Soiid State Phys:ca (F, Seitz and D. Turnbull editars),
Academic Press, Nev Yoark, 1956, ;al. 2, pp. 316-319.



cellisiens, the differeatisl cress section for emergy trassfer frem ’
Te?+ & 1o
w-35 . (s)
_ -
c - mg? (g ) 50" ™

m..ummrmﬂ,zlmzzmm;wcmmdm

incident and bomberdsd atems respectively, amd Ey is the Rydberg esesrgy.
Ve may now write that

il g-i(k-k) o

The minimm energy for a displacement (Ej) has not been messured fer
tungsten; a value of 25 ev will be assumed here based om & reugh average

otuumdnlmot!drwlmruom3. For 15 mev dsuteroms

incident on tungsten, T, = .64 mev, and the last term of equation 5 my
be msglected. Therefore

« ()i ©

Ve see frem equation (6) that for a given bembarding particle asd
Sembarded slement the cross sectiom for creatiom of a primary kacck-ea
sheuld vary simply as 1/E.

2314, p. 300,

36. J. Dienes amd G. K. Vinsyard, Radiatiom Effects ia Solids
Interscience Pudlishers Inc., New Yark, 1937, 3L, 9. 8L
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Except for some uncertaiaty in the parameter E3, the expressiea
of (6) cam be used to compute ¢, with some comfideace. The thearetical
situatiom for the yield tunction v, the muuber of displacemeats made fer
sach kmock-on atom, 1s not nearly so good. The average kmock-om atem
snargy (T) is easily found from equaticas (3) smd (6):

Tn Ty
1 , EaTy Ta ~
f L3 E‘-: ‘Q Tde = T;—:‘I; i E = ‘d 12 q . (1)

Veing the vaiuss we have for Tp and E;, ve get that ¥ 2 250 ev. At
this emsrgy stemic collisiops are not unscreened coulomwb repulsisus as
1z the cese of the high emergy primary collisions®. The ususl eggprexi-
mation used for these low emsrgy collisioms is same kisd of hard sphere
imteractiem potential, Several theories based om hard sphere medels all

give sssentially the same result for ;, mnl:ss

3 (2g)(2 ml) -
Neglectimg Ej in the first factor we get that
?-{(14-:-%) . (8)

Receat calculations indicate that the dspeadence of the yield fumctiom e
imcid~at, particie emergy is relatively imsemsitive to the imterectiea

m.hhm6, For the case of 15 mev deuteroms incident om m'io' =58

A‘ibid, p. 11.
34pia, pp. 17-2h.
62, Brown sad G. H. Goldecks, J. Appl. Mhys. 31, 938 (1960).
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Cam” 1ning equations (A) and (2) we get that
v=41l+mEE), (9)
vhere
.. : (10)

By(M,; + nz)z

Combining =quations (0}, {6} and {1) ve may now write the expressiom for

L& croas saction for making & displacement :

G:ﬁ&;(%)(“mgn), (1)

Toe valus of € for onr protlsm is .85 x 103 mev-1,

A tegt of the predicted epergy dependence for defect production
expressed {a 2quation 1l was the £irst aim of this work; but a direct
weasi i ament of tols 1088 section is not possibie at thie time, It 1s
O poEsii o telgups ther: 18 no physical pooperty of the metal whose
Aepandenre on the volums density of defects is known quantitatively.
Howsver, we may meggyr2 102 changs In electricei reaistivity with bom-
baramect ani expect the resldoal resistance of ithe metal to increase
sonotonically with defect density, Therefore, we can messure the change
in electrical resietance with incident flux for small flux increments,
e guant ity proportiooal to g, at various values of incident deuteron
eperyy snd test the ensrgy depevdence of equation 1l.

Sipcs the logarithmic term of equation 11 varies slowly with
‘r. cep* egergy, the predicted slope of a radiation damage curve varies

‘b 1o ideat encrgy elmnst as 1/E.
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Fearlstein and coworkers found an almost linser increase in the
damage rate of tungsten with incident energy for protons in the energy
reage 100-4300 mev’. This was in sharp contrast to the expected 1/B
depandencs., These observers suggested that the unexpected increase in
damsge rate in tungsten with incident energy was due o the importamce
ot thbese higher snergiss of nuclear spallations. It wvas therefore the
purpose of the first par+ of this work to look for the expected pre-
domivens 1/B depesdence at lower incident enargies whare muclear
reactions are icss i1mportant. Fer incident energies of 15 mev and
lewer, deviations from the 1/E dependence could aiso give infarmatiom
about the yield funciion,

E. Radistiion Effects on the Mecharical Properties of Tungsten

Ic +he Tirst per: we are interested in the mechanism of defect
produstion in tungsten by 15 mev deuterons. Io the second part we are
interested in the affects of *hese radiation induced defucte on tbe
mechanicsl propertinzs of tungsten.

I* bas been weli established that wechanical properties of
metals euch ag vield strength are determined rot only by the lattice
structurs but also hy the density of dislocaticans and other lattice
dafects. T. A. Fead suggested in 1940 that in certaip femperature amd
frequency ranges *‘he intermal friction in metals is due at least in part

to the irreversihbis motion of dislocation linesS. Since then much

— s

TE, A. Pearlstein, B, Ingham and R. Smoluchbowski, Fhys. Rev. 98,
LAY 119551,

81‘ A. Peed, Pays. Rev. 58, 371 (1940).
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experimental evidence has supported the hypothesis of dislocatiom dampisg
in metals?, Other sources of intermal friction in metals are well
understood largely through the work of C. Zemerl®, FPor exampls, he
studied grein doundry viscosity at about 600°K amd .1 cps and thermo-
elasticity at about 600°K and 10% cps. Dislocation damping in metals is
camplicated by the fact that the dislocations contribute to the imtermal
friction by several mechanisms. The present understanding of the
situation will be described briefly as follows,
1. Strain Independent Damping

Strain independent damping is associated with the bowiag motiom
of the dislocation under a small applied stress. The dislocation is
pictured as fixed on the ends by the surfacze of the sample or by Jjogs in
the line, and pinned at places along its lapgth by impurity atoms amd
point defects. (Cottrell has shown that these poimt imperfectioms temd
to cluster around dislocation®*,) This damping is characterized experi-
menmtally by being strain amplitude independent, with the damping
increasing slovwly and monotonically with temperature from L°K to room
*belperuturelz.
2. Strain Dependent Demping

Strain dependent damping is associated with the bowing of the
dislocation under an applied stress large enough to free the dislocatiom

Ior o reviev of this wark, see D, H. Niblett and J. Wilks,
Adv. in Pnys. 9, 1 (1960).

100, Zener, m.-ucis* and Anelasticity of Metals, Umiversity
of Chicage Press, Chicage, 1945,

11a, ¥, Cottrell, of a Ceafereace en the Streamgth of
Solids, London: Phys. Soc., p. 30, 1940,

123, L. Caswell, J. Appl. Phys. 29, 1210 (1958).
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from its pinning sites. This damping is characterized experimentally by
being highly strain amplitude dependent with a temperature dependsnce as
in parsgraph 1. The strain amplitude for the inccption of this strain
dependent damping shifte slowly and monotonically to lower values with
increasing t.emperateurelaa
3. The Bordonl Peak

P, G. B’;u'd.oni'?"‘3 measured internal friction >n several face
centered cubic metals as a function of temperature from 4 to 300°K at
constant freguency. Be found dietinxt peskr in the internal frictiom
dependence on temperat ire, Ex*ensive work has been done on these
Bordoni peaks; they have been cbgexred in fece centered cubic metals at
frequencies from 123 1o 16 ~ps and ‘emperat-ares from 4 to 300°K. There
is usually more than ore peak &rd *he ma:n peek usually occurs around
100°K. These peats have been stidiel a: & T.nction of *he cold work
state, the iwpurity conteat of the me‘al, andl the appiied frequency.
Niblett and wz,,ms9 eomar.e the properilies of Bordoni peaks as follows:

{a) The Yordon: peak appee:+ ‘n both sipgle ~rystel” and
polyrrystaliine sampliea

{b} The peak 15 generally not ctserved in fully annealed
samples.

{c) The height of *he peak ‘u~reeses rapidly with increasing
cold work,

"4 The height of the peek and the peak temperature is almost

ipdeperdent of strain amplitude.

12gp, cit. H, 1. Casvell et ol.
23p. 6. Bordooi, 7. Acous. Sor. Amer., 26, k95 (1954),

95p. £it., D. H. Nibieti et al.



() Impurities reduce the height of the peak.
{f£) The peak temperature increases with an increase in
the sppiied frequency,
(g) For e given epplied frequercy the peak temperature is
wnaffertel by the sztete of cold work.
Niblett snd Wilks? suggest thet the Bordoni peak shoild also exist in
body centered conic metears, L. O ane:'l’!" found no obvious Bordeai
pesk 1n c0id worked irom of high pur:ity, btut Chambers and Sohultzd?
have recently reporred Fordont peaks in cold worked molybdemunm and
tungsten at frequevcies of from 15 te B2 ko,

The genvra. ghenomenologic 2. w=fies 7 (Dlerzal fricbion in

s ) , ;
OLida’™ postrLnne tharn Whor e Fmaa gy e ay o0 Lo 2 zulidp, theoaeddd

responds instantanec.sly wiih an =les%i: atrein €, and the mom-elastic
strain € 1sge the app.ied stress, For sinuso:dal applied stresses the
son-elasty . snra‘n tehave:s viscously and lage the stress by 90°.
Therefore cre ~an w:i%# thel

€ = €l » 15:»2 a (n)
or € =€l = 1 vangs
where Lang = ez,/el .
Since e.z/el 1s alveys < 10°2 for metais , one can take

tand = ¢ )

and €=efl+19) (13)

%p. cit., D. H. Niblett et al.

Yy, . Bruper, Phys. Rev. Letters, 3, kil (1959).

_ 132, H. chanbers end 7. Schults, Phys. Rev. ietters, 6, 273,
1961},
049 ¢ t., C. Zener.
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vhere ¢ ezlcl

The quantity ¢ for systems described by a second order linear differential
eqution of motion is just 1/Q where Q is defined in the usual vw'w.
The appropriate elsstic modulus Y is then

Tmay/e? g/ 1 - 19} (14)

Thus there is a non-elastic part of the "elssti:z" modulus associated
vith the invernsl friction. This is callel the "moduivs defect", amd
cal be used along with intermal friction to s%udy non-elastic properties
of solids.

The semple geamet:y wused in these experimerts was that of a
cantileverad bar vhose wave equatior 1s a W ooy sifferential
equation; the solutior of thisg equation is given in Appenlix A,

Values of internal friction will be glven irv this work in texws

of the logarthmi: dznrement 617, vhairh i3 =«lateld %0 Q byw

[y

b = m/Q (35)

The axplitude independent friction due to the dowing of
dislocation lines arises from the work done in moving the dislocation
through the Peierls potential. Figure la shows the situation for small

165, A, Nowick, Progress in Metal Physics, 4, 1 (1953).

Limne logarithmiz decrement is defined for an underdamped system
rreponding to & transient as 3 & tn(Ay/An,y ), vhere Ay is the maximm
axplitude of the n“® rycle,

mseeAppende A.
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agplied stresses vhere the howing of the dislocation is limited by the
pioning points. When the applied stress gets large enough, the situ-
atiea shown in Figure lb ani ic obtains. This Lreabing away from pinaimg
sites leads to the amplitude dependent fricvion. 7The bowing of a
dislecation iine in its #iip plame i# shown iu Figure 2. Here the selid
lines repreesnt Pei:rls minima, asd the dsshed iines represent Peierls
mxime. Consider a disiocatlion AB lyipa paraiiz. (o a Peierls well as
ia figure 2k. Th:is dlsliocatjon le hard to mov:; 1t wouil take a stress
of the order ¢f the yield siress te¢ “ow 11, 'u tig.se z. the dislocatiom
AB is made 1p of linear diglocetiong paralle: 2 e Poierls vells and
¥isks perpendicular o the Peileris weils, The pPricrls torces om the
kinks . .largely cancel out end the kinke caun h¢ moiel parailel to the

1q

wvells quite easily ™’ Thus a sbear stress !a *Y: plaae of figure 2a

wili csause the diedcation To bow as shown

The existence of the Fordeni peaw hes tezr enplsiped by Seegerzo
in terme of the motiorn of dielocetions as & resalt o *hermal excitationm,
He suggests thet the dlslocat:icns wil:i farm ©slees due 1o the random
thermal norion of thelr coastifuent atoms. ucn & “h-rmal bulge is
depicied for a ligear dislocation in Tigire 3. "I k-.nke in this line
are mxtvally anutrasted with a small forceld, and e bu lge will in
gemersl e unstable ard collapse. If g8 sirese is presont it will either
aid this collapse, or spreed the kiuks far enough spart to maintain the
lige v o hovweld configuration, 1f the lepgtih of b wulge 18 large

encuti. This is a diss:pative process a»d contr ‘tuics a locss not

19s, H. Cottrell, Dislocatioms sxd Piastic Flavw in Crystals,
Tlaresdom Press, mford, 1953,

20), Seager, Phil. Mag., 1, 651 {19561,
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presen’ withoat the thermal excitation. The same kind of process will
produce additional damping for the dislocation of figure £b.

iev us consider the contribution to the dislocation damping due
srly to this tharmel bulging. At very low temperatures the thermal
™ilgiog rate As low and the bulging will contribute very slowly to the
o jon of @ ligiocstion under an spplied stress cf a given frequency.
Puesuaule the time constapt of €p ip figare 4 will be much longer than
whe peciot 2 the applied stress and the struin will respond as ia curve
vatr, lim givustion s desrribed in the stress-strain plot of figure 5
by golng from O to A apd then back Lo O end the behaviour is elastic.
A rery hagh wemperatures the bLulglng rete is high and the motion of the
Lieiocation 4w to thermal bulging will respond immediately to the ap-
plied siress and the strain would behave as shown ideally im curve (a)
of tigare %, ir vthe giresg-straiu diagram this would be describhed by
goirg »~las* icadly from O t¢ C and then nack t0 O, The intermediate case
of 'be tims Toustant of €, peing of the order of the period of the ap-
§ia:3 g7vess 18 shown in curve (). Here the solid goes from O to A in
SLome 5 Custerlaneously, tben élovly approaches C. When the applied
2 re88 33 removed it moves lnstantaneously fram some point B to D and
then s_owi.y appreoeches 0. In this last case there is damping.

freﬂgex?’? ass\wzes & £inple relaxation process to describe the

Rordon: peak :

£/t,
6 » a . (16)
P (1 + (2/25)%)

Ttr¢ -elstionship is derived in Appendix 1. The peak height is

apteq Lo he

Spax ™ Vol /B (a1)

A L3 F . Ty S

2Cop. cit., A, Seeger,
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vhere N, is the volums density of dislocations, and L, is the average
dislecation length. The dulge rate is taken to have an Arrhenius
dspendence with a single activation ensrgy, namely:

fo = A q(-l/l!) . (”)

This assumption is supported by calculatioms of Donth®l, who comsidered
the statistics of thermal bulging in dislocation iines. Here A is the
attempt fregquency, k is Roltzmamn's coostant, T is the absolute
tempersture, and H is the activation energy for the bulging process.

This relaxation theory 1s moderately successful ia descridbing
the experisental Bordoni peske. It predicts the peak shift with freguea-
cy and it agrees roughly with the cold work effects. By measurement of
the peak tegpersture shift with spplied frequency, several workers have
determined E and A for coppers?, When these values of K and A were
applied to the Bordon’ peak shape, they give a theoretical peak width im
tempersture abozt hal? that observed, Although these measurements of X
ax? A are ot accurate, they suggest that the assumption of & siagle
relaxation process i an oversimpliification.

Studies of !rradiation effects on internal friction in metals
have ot besn extemsive, Thompson amd HolmesZ3, Niblett and Wilks®®,
and Barnes and Hancock®  have studied the effecte of meutrom irrediatios

2ly, pomth, Z. Phys., 131, 156 (1957).

22Ccomposite values of H and A based oa the vork of several
ixvestigators are given in refereace 9, p. 27.

23p, 0. Thompsom and D, H. Holmes, J. Appl. Phys., 27, T13 (1956),
24, 30, 525 (1959).

2%, X, Miblett and J. Wilks, Phil. Neg., 2, 2b27 (1957).
5%, 5. Barnes and ¥. N. Nancock, Phil. Meg. 3, 527 (1958).
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on the strain ampiitude lndependent friction and the Bordoal peaks ia
copper. They find that the strain independent friction is reduced by
about & factor of 7 with relatively light irradistions (10%2 mrte) ). Mk
the heights of the Bordoni peaks are reduced greatly by a heavy irredi-

ation (1017-18

v avt., j. This work is of great importance, but to date
copper has been the only metel studiesd. The only studies of the effect
of cherged perticle irrsdiation (1 mev electrous) cxn isternal frictioam
in copper vere made ©y Dieckamp and i-‘»onn.%a Their measarsments show
the same drasgtic redustion in the strain independert damping with
irradiation otserved by Thompson and Holmes,

We started out 1o extend this work, estudying the effect of
i3 mav denteros Lombardmext on the straln independert damping. O
intentior was to look first ah tungsten, (ti: mivai ve studied in the
first part of +his inveatigation) and thuen procsed Lo other metals. The
first rasuits howaver showed er ummistakahle Forionl peak ia *ungsten.
S8ince no Fordon’ peak had been reportsd at thie *ime ‘n a bhody centered
cublc metal, It gesmed that tungsten deserved i=tsijad sttention.
Therefore onservations were made on the effectes of deutsron irradiation
on totk the Bordonl peak and the strain independeo® tackground frictiem
in tungsten, covering a temperaiure range from 77°K to 200°K, The
mechanical properties observed were the interzsai friciion and the
elastic modulus of tungsten, irradistions were made both at 77°K amd
300°¥,

Trradiation also has an effect oo the 2iastic modulwa apert from
1ts con-elastic behaviour. let us, for example, irradiate a metal at a

te-parature &uch that tbe interstitials produced ars moLile

268, Dieckamp and A. Sosin, J. Appl. Phys., 2], 1416 (1956).
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{(and presumsbliy migrete to disiocations and other sinks) and the
vacancies ave not motile. Sow tbhe lattice will be sprinkled with veces~
ries, and a chang* r *he aversge isttice speting s expected. This is
wusllv ceiled the ik effect; end Dt,enelz'? has caliwlatved the expected
vhange in the alagt!s coustents of & metal for a given wumber of poiat
derecte. Thls expesiment 18 reported beee for twogsten, and the results
compered witk Digrae!' prodl tanug,

v bas L=xn found that pon-s 88t it effestg occur in substitutiemal

hew

&J1ovs whes tre oompouentes gre of differsat gsz«@»sz&Sag, Tuis effect Ims
tesn pturituted +o Lhe gtress ol ed reoviezrenion of pairs of solute

atoms. Nowick (T used ‘his effect to support tke ‘dea that diffusion in j

meogls taxes piate “hroRt the vhormal wotion ¢7 vearsacies, Diemsl
fugeatel oo the vas : of toig work thet radzation iuduced defects could
be studis1 ueirg tatsca8l Tricton measucemenTtz.  d¢ aien suggested that
the anueslig of thess deferts cypdd v CpEsiea lr, t7E came WAY.

Rug:.  tg of g0 g ~xperieeot are repocr=j hore,

7. .
T I anes, Phyvs, Rew.

28,

qu,, 8, ¥owirs, Pove. Reo,, 82, 3:00AY (13515,

-

Zeper, A, FM.E. . 32, 122 fi0u;.

3Fibid, p. 551

31, s, Dienss, . Appl. Puys., 24, A66 12933).
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II. EXPERIMENTAL PROCEDURE

All the irradiatjons described here were made in the external
beam ductwork of the cyclotron; in the room housing the cyclotrom.
Meaguremsunts of “he metal properties under irvestigation were made
elther it situ in the cyclotron room or on the latoratory bench,
whichever was appropriate,

The external beam of the cyclotron spreads out rapidly in the
horizontal plane dve to the fringing field of the cyclotron magnst.

This divergent beam is then magnetically focussed and sent through a
water wall into another room where the agparatu